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a b s t r a c t
Banana fruits are harvested at the green-mature stage (pre-climacteric) in order to allow sufﬁcient time
for transport and marketing. The time between the harvest and the initiation of the natural ripening
process is called green life (GL), which is closely correlated to physiological age. Sigatoka Disease (SD;
also called yellow Sigatoka) and Black Leaf Streak Disease (BLSD; also called black Sigatoka) are the main
foliar diseases affecting banana production. The aim of this work was to investigate the inﬂuence of these
diseases on banana GL and postharvest behavior in subtropical conditions (southeastern Brazil). The
results showed that both diseases shortened the banana’s GL when compared to control bananas of the
same physiological age. Moreover, fruits from infested plots showed higher values of CO2 (þ100% for SD
and þ300% for BLSD) and C2H4 production (þ30% for SD and þ60% for BLSD) at the climacteric peak.
BLSD caused 40% reduction in fruit weight. Fruits from plants with a high degree of SD or BLSD undergo
an altered maturation process.
 2011 Elsevier Ltd. All rights reserved.
1. Introduction
Bananas (Musa acuminata, triploid AAA, Cavendish cv. Nanicão) are
climacteric fruits (Burg and Burg, 1965) that are typically harvested at
a green pre-climacteric stage prior to commercialization. Banana
ripening can be artiﬁcially induced by treatment with exogenous
ethylene in commercial ripening rooms (Marriott, 1980). The elapsed
time between harvest and the start of the natural ripening of the
banana by endogenous ethylene is called green life (GL) (Peacock and
Blake, 1970). The period between the harvest and the initiation of
artiﬁcial ripening in a ripening room is variable and depends on the
liquidity of the banana market. This period ranges from 5 to approx-
imately 15 days for bananas grown in the Vale de Ribeira (State of São
Paulo - Brazil). Thus, bananasmusthave aGL of approximately 15 days
to be in a pre-climacteric stagewhen they reach the ripening rooms. If
not, they will ripen during transport and will be not marketable.
The GL of bananas is highly temperature-dependent (Blake and
Peacock, 1971), and it closely follows the physiological age of the
fruit according to a negative exponential model (Jullien et al., 2008).
The period between ﬂowering and harvest is called the ﬂowering-
to-harvest period (FHP). Expressed in degree days (dd), the physi-
ological age of banana fruit is calculated as the sum of the mean
daily temperatures of all days in the FHP, and a threshold temper-
ature of 14 C is used for cv. Grand Naine (Ganry and Meyer, 1975).
Bananas are harvested when they reach a commercial grade that
takes into account the diameter of the fruit (usually 34 mm).
Because fruit growth is temperature-dependent, the FHP depends
on the average daily temperature (Jullien, 2000). Under tropical
conditions, this period varies from 60 to 85 days, whereas under
subtropical conditions it can reach six months depending on the
season (Turner and Hunt, 1987).
When fruit pulp ﬁlling is not hampered by any cropping stress,
bananas harvested at 900 dd (threshold 14) reach a marketable
diameter (Ganry and Meyer, 1975) with a GL of approximately 30
days at 20 C (Jullien, 2000). For the Brazilian market, bunches of
bananas could be harvested at a later stage (probably > 960 dd)
because the necessary GL for commercialization is around 15 days.
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It has, however, been shown that bananas harvested from plants
that have undergone stress during the fruit pulp ﬁlling phase might
have a lower diameter at harvest. This is the case when there is
a marked decrease in the number of leaves at ﬂowering (Daniells
et al., 1987; Turner and Hunt, 1987; Chillet et al., 2006), and also
when fruit pulp ﬁlling occurs in the presence of water stress (Chillet
et al., 2006). Nevertheless, it has also been shown that when
bananas are harvested under these conditions at a predetermined
physiological age (900 dd thermal sum), these cropping stresses
have no impact on their GL (Chillet et al., 2006). This is the case
even if the cropping stresses have a marked effect on fruit growth.
However, these bananas have to be harvested at a later stage (1000
or 1100 dd) to reach a commercial grade, and therefore they have
a much shorter GL (Chillet et al., 2006).
Mycosphaerella leaf spot diseases are the main foliar diseases of
bananas and are caused by two pathogenic fungi: Mycosphaerella
ﬁjiensis Morelet, which is responsible for Black Leaf Streak Disease
(BLSD; also called black Sigatoka); and Mycosphaerella musicola
Leach, which is responsible for Sigatoka Disease (SD; also called
yellow Sigatoka). Dessert bananas, the type of banana that is
preferred for exportation, are highly susceptible to both diseases
(Jones, 2000). Heavy infestations of these leaf spot diseases can lead
to a considerable reduction in the photosynthetic leaf area of the
plant. As a consequence, the bunches and fruits have lower weight
in comparison to healthy banana plants (Ramsey et al., 1990).
Additionally, severe SD infections have a marked effect on banana
ripening after harvest (Meredith, 1970; Stover, 1972; Wardlaw,
1972). Ramsey et al. (1990) found that the GL of bananas har-
vested at a standard commercial grade from highly infected plants
was substantially shortened. Recently, Chillet et al. (2009) showed
that in the tropical conditions of Guadeloupe, unlike abiotic
stresses, SD has a direct effect on the GL of bananas harvested at
a constant physiological age. Indeed, bananas harvested from SD-
infested plants had a shorter GL than those harvested from low
infested plants (control) at the same physiological age (900 dd).
In most tropical countries whereM. ﬁjiensis has been introduced,
BLSD is becoming predominant (Jones, 2000). In the case of São
Paulo State (Brazil), SD has been present since 1935. BLSD was
introduced recently in 2004 (Moraes, 2005) and it is still in expan-
sion. Consequently, it is possible to ﬁnd plantationswith only SD and
plantations with a high predominance of BLSD. These foliar diseases
represent the main constraint on banana production, especially in
small-producer areas (Moraes, 2005), and the quality of the fruit
produced under these subtropical conditions is unknown. The
presence of both diseases under the same environmental conditions
in São Paulo, State of Brazils provides a good opportunity to evaluate
the effects of BLSD and SD on the post-harvest quality and the
maturation process of banana fruits under subtropical conditions.
2. Materials and methods
2.1. Plant material
The experiment was conducted with Musa acuminata (AAA, cv.
Nanicão, Cavendish sub-group), in three adult plots in a 3rd to 5th
crop cycles.
2.2. Experimental design
Three commercial farms (farm BATICO, farm ALDO and farm
ALAN) with the same pedo-climatic conditions (temperature
during experiment: 19.67 C for farm ALAN and 19.57 C for farms
ALDO and BATICO, annual rainfall: 1500 mm, yellow latosol soil)
were selected in Vale do Ribeira, state of São Paulo in southeast
Brazil. Farms BATICO and ALDO are situated in the central region of
Vale do Ribeira where BLSD has been present since 2004. Farm
ALAN is situated in the eastern region of Vale do Ribeira (25 km
from the central region) where there is no BLSD infection. Cultural
practices were very similar on the three selected plots (fertilization
and density of planting: 1800 plants/ha, which corresponds to plant
spacing 2.80 m  2 m).
- In farm ALAN, a 4000 m2 plot with only SD infestation was
selected, and this plot was untreated for disease control.
- In farm ALDO, a 2000 m2 plot with predominant BLSD infes-
tation was selected, and this plot was untreated for disease
control.
- In farm BATICO, a 2000 m2 plot was selected where leaf spot
disease control was performed through the use of fungicides,
and this constituted a ‘low infected plot’ with a low disease
level.
For each replicate of the experiment, 20 banana plants at
ﬂowering stage were selected in each plot. The selected plants were
similar in terms of bunch size and infection levels of leaf spot
diseases. Ten bunches were harvested at 700 dd, representing an
early green stage, and ten bunches were harvested at 960 dd,
representing a completely full stage. At harvest, fruits from the
middle hand of each bunch were weighed.
Except for leaf spot disease control (which was only performed
on farm BATICO through the use of fungicide applications [triazole
(0.4 L/ha) and strobilurine (0.8 L/ha)]; eight treatments/year),
similar crop management strategies were used for all the banana
plants and included the following: blue polyethylene bunch
sleeving, monthly fertilization and crop protection treatments.
On each of the experimental plots, three ﬂowering date were
chosen (April, May and June 2008/semi-wet season). Each ﬂower-
ing date corresponded to a repetition.
2.3. Assessment of leaf spot diseases
For 15 banana plants/plot, SD and BLSD were quantiﬁed every
three weeks from ﬂowering until harvest date (700 or 960 dd)
using the severity index (SI) of Stover (1971), modiﬁed by Gauhl
et al. (1993). This method involves the visual estimation of the
necrotic area per plant and scoring according to a six-level disease
scale. The SI for one plant corresponds to the average percentage of
necrotic leaf surface (calculated by the averaging the scores for all
plant leaves) and it was used as a data point to build a disease-
progress curve. To quantify the disease infestation for each plot,
we calculated the area under the SI disease-progress curve (AUDPC)
for all plants according to Jeger and Viljanen-Rollinson (2001). At
each date of disease observation, the YLS (youngest leaf spotted)
was scored according to the method described by Stover and
Dickson (1970). The NLH (number of leaves at harvest) was deter-
mined by counting the number of leaves without any sign of
necrotic tissue.
Because advanced symptoms of BLSD and SD are very similar
and might be confused (Jones, 2000), before the experiment, leaf
samples from each farm were sent to the plant pathology labora-
tory of Cirad (UMR BGPI, Montpellier e France) in order to conﬁrm
by molecular diagnosis which pathogen was present on each farm.
2.4. Calculation of the physiological age of the fruit
Temperature probes (Gemini Data Loggers Ltd., Chichester, West
Sussex, UK) were placed under a shelter inside the experimental
plots. Mean daily temperature was calculated using hourly
temperatures. The physiological age of the fruit expressed in
degree-days (dd) was calculated from the mean daily temperature
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sums of the fruit at the 14 C threshold during the ﬂowering-to-
harvest period (Ganry and Meyer, 1975).
2.5. Respiration and ethylene analysis
From each plant, the middle hand of its bunch was harvested
and transported to the laboratory. After washing and treatment
(sodium hypochlorite 1% for 2 min), fruits wereweighed and stored
at 20 C. Fruits were stored in the same climatic room during the
pre-climacteric phase. Every day, eighteen fruits from each farm (3
per plant) were kept in airtight glass containers (three fruits per
container 1700 ml) for a controlled period of time (3 h). Gas
samples (1 ml) were then collected through a silicone septumwith
a syringe (Hamilton, Gastight, USA) and analyzed in a gas chro-
matograph (ThermoFinnigan Trace, 2000 Gas Chromatograph)
equipped with two capillary Porapack N columns (4 m for carbon
dioxide and 1.6 m for ethylene), two ﬂame ionization detectors
(FID) and hydrogen as the carrier gas (40 ml/min. kg, 105 kPa
pressure). Respiratory activity and ethylene production (expressed
as mg CO2/kg.h and ml C2H4/kg.h, respectively) were determined by
the difference between the gas concentration in the air (blank) and
the gas concentration inside the glass container after a controlled
period of time.
2.6. Determination of banana green life (GL)
Green life is the time between harvesting and the initiation of
the natural ripening process. In this study, GL was calculated as
the number of days between harvesting and the day that the
ethylene rate reached 1.0 ml/kg. h. After this rate of ethylene
production was reached, the ripening process had started for all
fruits analyzed, establishing an increase in the production of CO2
and C2H4.
2.7. Data analysis
Fruit weight, fruit respiration, ethylene production and GL were
compared according to the production conditions and the MLSD
level. A normality test (ShapiroeWilk) and a test for equal variance
(Levene) at the 5% signiﬁcance level followed by Tukey’s test (also
at the 5% signiﬁcance level) were carried out using the Origin 8.0
software package.
3. Results
3.1. Disease development in the experimental plots
Table 1 presents all of the data related to disease for the exper-
imental plots. The AUDPC (area under the disease-progress curve)
parameter quantiﬁes disease infestation during fruit development,
whereas the other parameters (number of leaves at harveste NLH;
youngest leaf spotted -YLS; and the severity index - SI) estimate the
disease rate at harvest time. Plants from the two high-infested plots
had no green leaves at harvest, whereas plants from control plot
had, on average, four green leaves at harvest.
The data related to diseases showed a lower infestation rate for
the control plots. The low temperature (14e17 C) of the season
may have promoted the formation of necrotic tissue, leading to an
AUDPC value in the control plots higher than 0.
3.2. Effects of SD and BLSD on the green life and weight of bananas
harvested at 700 dd
Bananas harvested at 700 dd (Table 2) were between 136 and
147 days old. Bananas from infested plots showed a reduced GL
(12.0 days for SD and 13.8 days for BLSD) equivalent to almost half
of the GL of fruits from low infested plots (24.7 days).
Unlike BLSD, Sigatoka Disease had no inﬂuence on the weight of
the fruits at this harvest stage (Table 2).
3.3. Effects of SD and BLSD on the green life and weight of bananas
harvested at 960 dd
Bananas harvested at this stage were 166 days old (Table 2).
Bananas from the infested plots were already ripe at 960 dd,
therefore fruits were not harvested for this experiment. For these
bananas, the GL was considered to be zero. Fruits from the control
plots showed a GL of 16.5 days and 191 g of fruit weight. The
inﬂuence of SD and BLSD on the weight of the fruits could not be
evaluated at this harvest stage.
3.4. Ethylene and CO2 production
The results clearly show that fruits from SD- and BLSD-infected
plants presented a climacteric rise with higher CO2 and ethylene
production in comparison to control plants (Figs. 1 and 2). In
particular, the rise in respiratory rates evaluated at 700 dd was
much greater in BLSD-infested plants (160 mg/kg h) than in SD-
infested (76 mg/kg h) or control plants (38 mg/kg h) (Table 3).
Table 1
Disease conditions in the experimental plots (Sigatoka Disease, Black Leaf Streak
Disease and Control plots, respectively). The area under the disease-progress curve
(AUDPC) is shown along with the standard deviation, the number of leaves at
harvest (NLH), the youngest leaf spotted (YLS) at harvest and the severity index (SI)
at harvest.
S. Disease B. L. S. Disease Control
Mean AUDPC 6690  698b 6260  770b 2750  457a
NLH 7.3b 4.5a 11c
YLS at harvest 1.3a 1.1a 4.5b
SI at harvest 70b 79b 34a
a, b and c indicate uniform group deﬁned in the analysis of variance (at 5%) according
to Tukey’s test.
Table 2
The effects of Sigatoka Disease and Black Leaf Streak Disease on the post-harvest quality of bananas harvested at two different physiological ages: 700 and 960 days (dd). The
green life (GL) is indicated along with the percentage of ripened fruits on plants at harvest time and the weight of the bananas.
S. Disease B. L. S. Disease Control
700 dd 960 dd 700 dd 960 dd 700 dd 960 dd
FHP 147 NH 136 NH 137 166
Weight 155.3  11.7b NH 101.8  21.7a NH 163.3  11.1b 191.1  19.9c
% ripened fruits at harvest 0 100 0 100 0 0
GL 12.0  2.0a NH 13.78  2.54a NH 24.67  2.65c 16.5  1.76b
FHP, ﬂowering-to-harvest period; GL, green life; NH, bananas were not harvested due to being ripe at this time; dd, degree days, indicating mean daily temperature sums
accumulated by fruit at the 14 C threshold during the ﬂowering-to-harvest period (Ganry and Meyer, 1975).
a, b and c indicate uniform group deﬁned in the analysis of variance (at 5%) according to Tukey’s test.
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CO2 production at the pre-climacteric stage (basal respiration)
did not appear to be affected by either disease (Table 4).
4. Discussion
The results obtained in this study revealed that bananas har-
vested at the same physiological age (700 dd or 960 dd) from plots
with a high SD or BLSD infestation rate had a shorter GL and
a stronger climacteric rise (CO2 and C2H4 production) than bananas
from low infested plots.
The effects of SD on GL have previously been demonstrated in
tropical conditions in Guadeloupe (Chillet et al., 2009) where the
FHP is relatively short (about 75 d), but it was never investigated in
subtropical conditions such as Vale do Ribeira, southern Brazil,
which has a higher FHP (approximately 140 days for fruits harvested
at 700 dd and 170 days for 960 dd). Furthermore, the reduction in GL
reported here in subtropical conditions was higher than the effect
reported earlier in tropical conditions because all bananas harvested
at 960 dd were ripe. However, the effect of BLSD on the GL of
bananas had never been demonstrated before this study for fruits
harvested at a constant physiological age.
This study conﬁrms previous results showing that the reduction
in GL of bananas from severely SD-infected plants results from
a direct effect of this leaf spot disease on fruit physiology. It argues
against the hypothesis that the reduced GL of fruits from infested
plots is caused by late harvesting due to diameter reduction (Chillet
et al., 2009). Speciﬁcally, bananas harvested at a constant physio-
logical age (700 and 960 dd) from plots with a high SD/BLSD
severity index did not have the GL predicted by the model
described by Jullien et al. (2008). Furthermore, it is noteworthy that
the GLs observed under the conditions of this study for the control
plants at 700 dd (25 days) and at 960 dd (16.7 days) were very low,
much lower than GLs measured at these physiological ages under
tropical conditions (Jullien et al., 2008; Chillet et al., 2009). This is
probably because the model described by Jullien et al. (2008) was
developed in tropical condition. In subtropical conditions, like the
Sao Paulo state in Brazil, there is a cold season with temperatures
Fig. 1. Comparison of the respiratory behavior and ethylene production. Respiration
(mg/kg h) and ethylene production (mL/Kg h) measured since harvest to senescence of
fruits from Sigatoka Disease infested plot and control plots, harvested at 700 dd. The
arrows indicate the climacteric rise.
Fig. 2. Comparison of the respiratory behavior and ethylene production. Respiration
(mg/kg h) and ethylene production (mL/Kg h) measured since harvest to senescence of
fruits from Black Leaf Streak Disease infested plot and control plots, harvested at
700 dd. The arrows indicate the climacteric rise.
Table 3
Respiratory behavior and ethylene production at the climacteric rise. The maximum
carbon dioxide (mg/kg/h) and ethylene production (ml/kg/h) of fruits from SD- and
BLSD-infested plots and control plots. Fruits from control plots were harvested at
two different physiological ages: 700 and 960 days (dd). Fruits from SD- and BLSD-
infested plots were harvested at 700 dd.
S. Disease B. L. S. Disease Control
700 dd 700 dd 700 dd 960 dd
Carbon dioxide 76  49b 160  105a 38  9c 68  9b
Ethylene 2.05  0.87ab 2.56  1.28a 1.52  0.49b 1.26  1.9b
dd: degree days, indicating mean daily temperature sum accumulated by fruit at the
14 C threshold during the ﬂowering-to-harvest period (Ganry and Meyer, 1975).
a, b and c indicate uniform group deﬁned in the analysis of variance (at 5%) according
to Tukey’s test.
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lower than 15 C. Thus, it is possible that the cited model is not
totally adapted in this type of climate.
Chemical control with fungicides such as benzimidazoles, tri-
azoles and strobilurines can be very efﬁcient at suppressing the
development of these diseases, especially with the use of aerial
application and forecasting strategies (Fouré and Ganry, 2008;
Ganry et al., 2008). However, small farmers in Vale do Ribeira
cannot afford this type of management because of the high cost
required. Thus, the banana growers in this area have to harvest
younger fruits to reach themarket destination in a green stage. This
leads to losses of both productivity and quality.
Moreover, during these experiments, the reduction in the
photosynthetic area as a result of heavy BLSD infestation led to
a reduction in the weight of fruits harvested at a constant physio-
logical age (700 dd). However, this weight reduction did not occur
with heavy SD infestation. This result is reminiscent of Cavendish
bananas infected by Sigatoka Disease (Chillet et al., 2009), but it is
not consistent with results obtained previously in plantains infected
by Black Leaf Streak Disease (Cohan et al., 2004). The effects of BLSD
observed in this study resembled the effects of other cropping
stresses on banana fruit growth. Stresses associated with mineral
deﬁciencies, water supply (excess or shortage) and heavy defoliation
have a very clear impact on fruit growth rate (Turner and Barkus,
1982; Hegde and Srinivas, 1989; Goenaga and Irizarry, 1998;
Chillet et al., 2006). It seems that BLSD causes a greater physiolog-
ical stress than SD.
Lastly, these results also raise questions about the physiological
mechanisms involved in the relationship between banana leaf
diseases and their effects on fruit physiology. There are three
hypotheses that could explain the effects of these fungal pathogens
on fruit physiology: (a) There is some direct effect of fungal
metabolites on fruit physiology, (b) Fungal metabolites cause
changes in intermediate metabolites (such as methyl-jasmonate
and salicylic acid) that are involved in the hostepathogen rela-
tionship (Hammerschimdt, 2006), or (c) Fungal metabolites cause
some alteration of hormone pathways that causes a hormone
imbalance. Many additional experiments should now be carried out
to gain further insight into these hypotheses highlighted in this
study.
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Table 4
Respiratory behavior at the pre-climacteric stage. Carbon dioxide production (mg/
kg.h) is shown at four and seven days after harvest for fruits from plots infested with
SD or BLSD and for fruits from control plots harvested at two different physiological
ages: 700 and 960 days (dd).
S. Disease B. L. S. Disease Control
700 dd Day 4 7.2  2.1NS 7.8  2.0NS 6.0  1.7NS
Day 7 7.0  2.0NS 7.2  3.1NS 9.4  4.0NS
960 dd Day 4 NH NH 7.8  4.3
Day 7 NH NH 6.5  3.6
NH, bananas were not harvested due to being ripe at this time. dd: degree days,
indicating the mean daily temperature sum accumulated by fruit at the 14 C
threshold during the ﬂowering-to-harvest period (Ganry and Meyer, 1975).
NS indicates no signiﬁcant difference at the 5% probability level according to a Tukey
test.
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